The taxonomy of the Gilia laciniata group has been dealt with elsewhere (Grant, 1966 ) and the present paper describes the fertility relationships of the species.
MATERIALS AND METHODS
Five of the six species of the Gilia laciniata group were intercrossed. Living material of G. laciniata proper was not available; it is the oldest known species taxononiically, having been described in but the least known genetically. Further insight into the nature of the Gilia laciniala group was obtained by outcrossing four of the species to a member of a different species group, G. achillet2folia (in the Gilia cap itata group).
The strains used were grown from seeds collected in natural populations. The localities and chromosome numbers of the parental strains are as follows: (i) C. millefoliata, 2n = ,8, Pt. Reyes, California; (2) G. clivorum, Qfl = 36, Berkeley hills, California; () G. nevrnii, 2n = 36, Santa Catalina Island, California; () C. lomensis, 2n 36, Lima, Peru; (f,) C. valdiviensis, n z8, Limache, Chile; (6) G. achilleefolia, 2n = i8. San Luis Obispo, California. 2L2 537 V. GRANT The crosses were made in an insect-proof screenhouse. The hybrids and their progeny were grown partly in the screenhouse and partly in the experimental field. Pollen fertility of the plants was estimated from the proportion of well-rounded and well-stained grains in aniline blue-lactophenol mounts. Chromosome behaviour was studied in propiono-carmine squashes of dividing PMC's under the brightfield or phase microscope or, often, both.
OBSERVATIONS (a) Crossability
The crossing data are summarised in table i. The table shows that a strong incompatibility barrier separates Gilia millefoliata from G. clivorum and some strains of G. achilletefolia; and G. clivorum from G. achill&efolia and G. lomensis. By contrast, G. millefoliata and G. lomansis, separated to-day by a distance of 4800 miles, and differing in ploidy, can be crossed in either direction with the greatest of ease. A high degree of crossability also exists between G. millefoliala on the one hand and the geographically remote G. nevinii and G. valdiviensis on the other.
(b) Hybrid morphology It was possible to produce F1 hybrids from eleven combinations of the parental species. Three hybrid combinations were diploid; seven others from diploid-tetraploid crosses were triploid; and one hybrid was tetraploid. All of the F1 hybrids were vigorous.
In morphology the hybrids were intermediate between the parental species in quantitative characters. The triploid hybrids tended to approach the tetraploid parent, as would be expected. For example, the width of the leaf segments was as follows in two diploid-tetraploid hybrid combinations. (I) C. nevinii (4x), O'4-06 mm.; F1, o'5-I•0 mm.; G. millefoliata (2x), I'3-2'3 mm. (2) C. lomensis (4x), 3'5 mm.; F1, 25 mm.; G. valdiviensis (2x), 0'5 mm. It will be noted that the F1 approaches the tetraploid parent whether that parent has narrow leaves (C. nevinii) or broad ones (G. lomensis). The hybrid F1 lornensis x valdiviensis had a spreading habit of growth like G. lomensis.
In several instances involving qualitative characters, however, a triploid hybrid was found to exhibit the characteristics of its diploid parent. Thus in F1 millefoliata (2x) >< nevinii (4x), the hairs on the lower stem were glandular as in G. millefoliata and not villous as in G. nevinhi, and the corolla tube was pale yellow like that of G. millefoliata rather than purple as in G. nevinii. The F1 hybrids were highly or completely sterile, the majority producing less than i per cent, well-formed pollen grains and few or no seeds (table 2). The F1 of G. millefoliata x nevinii produced 10 per cent. good pollen and large quantities of seeds.
The degree of seed sterility can be illustrated by the F1 of G. (Grant, 1954b) . I From a fraction of the total number of hybrid seeds. ¶ Two Strains of C. clivorum and three of G. achailleefoli used.
V. GRANT plot for ii weeks and did not set a single seed. The case is similar in most of the other hybrid combinations.
The seed output listed in table 2 for four hybrids gives a misleadingly high measure of the seed fertility. The F1 generations of G. millefoliata x achilleiefolia, G. millefoliata x valdiviensis, G. millefoliata x neviniiand G. valdiviensis xnevinii spontaneously produced allopolyploidy progeny in the F2 generation. The formation of allopolyploid seeds by a hybrid is a different matter from seed fertility (Grant, 1952) . If allowance is made for the tendency of the four hybrids to produce F2 seeds by doubling, they also turn out to be highly seed-sterile on the homoploid level. The meiotic behaviour of the F1 hybrids is summarised in table 2 and text- fig. 4 and illustrated in text-figs. 1-3. Most but not all of the hybrids had greatly reduced pairing at metaphase accompanied by lagging at anaphase, as well as other irregularities.
The hybrid of G. millefoliata xlomensis was triploid and had 9 11+9 I in a majority of the cells and 8o II as an average figure (Grant, i954b ).
An even closer approximation to Drosera type pairing was found in the triploid hybrid of G. lomensis x valdiviensis, which had 9 11+9 I in 20/28 of the cells. The other cells examined deviated from this modal condition in having 7, 8 or io bivalents, and in the occasional presence of a chain-of-three (text- fig. i ).
The most unexpected result was the finding of high pairing and regular separation in the sterile hybrid between G. millefoliata from California and G. valdiviensis from Chile. In a sample of 83 cells at diakinesis or metaphase there were: 75 cells with 9 II (complete pairing), 7 cells with 8 II and i cell with 6 II (see text- fig. 2 ). A number of clear cells at first anaphase had 9 : 9 distributions to the poles with no lagging. There was no lagging at second anaphase and no micronuclei in the sporads. This was the first case encountered in the annual Gilias of a highly sterile hybrid with essentially regular meiosis. The result was so unusual that I considered the possibility of experimental error; the cytological preparations might have been made from buds taken from some undetected selfs in the hybrid culture. With this possibility in mind, I repeated the cross and re-examined meiosis in a new culture. The meiotic behaviour of the plants in the two separate hybrid cultures was exactly the same. The course of meiosis in the hybrid G. millefoliata >< achill&efolia has been described previously (Grant, 1952) . The hybrid was produced anew from the same parental strains and re-examined cytologically in 1957 with generally similar results (table 2). Chromosome pairing was reduced and variable in this hybrid; attentuated and heteromorphic bivalents as well as sticky chromosomes occurred in a high proportion of the cells (text- fig. 2 ).
Similar irregularities of meiosis occur in the hybrid G. valdiviensis x achillecsfolia (text- fig. 3 ). This hybrid had low and variable pairing. Attenuated and heteromorphic bivalents were characteristic of most cells while sticky chromosomes were present in quite a few.
The hybrids between three diploid species (G. millefoliata, valdiviensis and achilletefolia) and the tetraploid G. nevinii were triploid and had low variable pairing with much lagging. In F1 G. nevinii x achil1eafolia, F mu X vol The homceologous chromosomes in a hybrid, as Darlington pointed out, are differentiated at two levels, genic and segmental and both kinds of differentiation affect the degree of pairing (Darlington, 1932, 159 fT., 478; and many later workers, i.e. John and Lewis, 1965) . Some of the irregularities of pairing in the present group of Gilia hybrids can safely be attributed to structural differences. This is the most likely cause of heteromorphic bivalents, chains and reduced pairing in part at least. Other meiotic phenomena such as sticky chromosomes and attenuated bivalents, which are difficult to account for on structural differences alone, can probably be explained on the basis of disharmonious gene interactions in a species hybrid. It is interesting in this connection to find the parallel occurrence of sticky chromosomes and attenuated bivalents in hybrids between C. achilletefolia on the one hand, and the genetically related G. millefoliata, valdiviensis and nevinii on the other. millefoliata-valdiviensis (4x = 36), G. millefoliata-nevinii (6x = 54-60) and C. valdiviensis-nevinii (6x = 54). They were generally seed fertile.
The formation, cytology and breeding behaviour of G. millefoliataac/zille&foliata (4x) have been described in some detail elsewhere (Grant, 1952 (Grant, , 1954a . The F, hybrids produced some restitution nuclei in the second meiotic division and some dyads of microspores. The degree of pairing in the F, hybrids, the frequency of amphiploid progeny in F2 and, presumably, the rate of non-reduction at meiosis in F, varied with the nutritional condition of the hybrids. The hybrid cultures yielded in the aggregate 21 tetraph'id F0 n1nts. Most of these had good bivalent pairing (i6-x8 11+4-i) in most cells (text- fig. 3 ). The F2 individuals were predominantly semifertile to fully fertile in pollen and seeds. In F3 and F4 a higher proportion of the plants were meiotically regular and fertile. The F, hybrid of G. millefoliata x valdiviensis produced mainly small abortive pollen grains, a small proportion (ca. 2 per cent.) of well-formed grains of " normal" size and a few giant pollen grains in the frequency of about i per 2000 grains. The latter were the same size as the 2X pollen produced by the F2 plants and, on this basis, are presumed to be unreduced.
The F2 progeny of C. millefoliata >< valdiviensis consisted of ten vigorous tetraploid plants. In the two plants studied cytologically the chromosomes tended to be clumped at metaphase, making an accurate analysis of pairing difficult. Most of the chromosomes were paired in bivalents. Most cells had in addition one or two multivalents, In the following (F3) generation the one plant examined had good bivalent pairing with occasional univalents (text- fig. 3 ). Three F3 individuals had 38, 43 and 50 per cent. good pollen.
It will be recalled that the diploid F1 hybrid of G. millefoliatax valdiviensis had almost complete bivalent formation. The occurrence of high bivalent pairing and fertility in the amphiploid derivative of this hybrid suggests strongly that the parental species do differ structurally but that these structural rearrangements are small.
The triploid F1 hybrid of G. millefoliata x nevinii produced some restitution nuclei and a high frequency of dyads of microspores. The hybrid plants set i 8oo F2 seeds in the aggregate, of which 300 were sown to yield 202 vigorous F2 plants. Two of these plants were examined and found to be at or just above the hexaploid level with 54 and 6o chromosomes respectively. There was good bivalent formation at meiosis. Chains of three and univalents also occurred occasionally (text- fig. 3 ). The plants were semifertile as to pollen (49 per cent.)
The triploid hybrid of G. valdiviensis X nevinii gave rise to 36 vigorous plants in F2. One of these was counted and found to be hexaploid (2n = 54). For the most part it had regular bivalent formation (26-2 7 11+2-0 I) and clean anaphase separations (text- fig. 3 ). Its pollen fertility was high (78 per cent.).
(f) Ancestry of the tetroploid species
The three known tetraploid species of Leafy-stemmed Gilia are G. clivorum, G. nevinii and G. lomensis. The taxogenetic evidence presented here and in earlier papers (Grant, 1954a, x954b) has some bearing on the ancestry of these species.
Gilia clivorum has been shown to be an amphiploid derivative of C. millefoliata x achi1leafolia (Grant, i 954a). The meiotic behaviour of the triploid hybrid G. achillerfolia x clivorum and the characteristics of the spontaneous artificial amphiploid G. millefoliata-achilleefolia are especially cogent evidences in favour of this derivation of G. clivorum. Gilia lomensis contains a genome of G. valdiviensis, as indicated by the pairing relationships in their triploid hybrid, together with another genome as yet unidentified (see text-fig. 4 ).
The available evidence permits only negative statements regarding the ancestry of C. nevinii. This evidence consists of a low frequency of bivalents in the triploid hybrids between G. nevinii and G. millefoliata, valdiviensis and achillee4'olia. We can conclude from this type of pairing that C. nevinii is not an autoploid, and does not have G. millefoliata, C. valdiviensis or G. achille&folia in it. But the identity of its diploid ancestors remains unknown (text- fig. ij . There is a distinct possibility on morphological grounds that G. angelensis, another species of Leafystemmed Gilia, may enter into the constitution of G. nevznzz, but the appropriate hybrid has not been produced. It is also possible that one or both diploid ancestors of this island endemic are now extinct. three known natural tetraploid species in this section of the genus also carry this genome.
A survey of the results of interspecific crosses in another section of the genus, the Cobwebby Gilias, on the basis of the data given by Grant and Grant (1960) , Grant (1964) and Day (1965) , reveals a similar highly non-random distribution of genomes among the artificial amphiploids. Interspecific hybrids representing 53 combinations of parental species were grown to flowering. Three of these classes of F1 hybrids doubled spontaneously by the union of unreduced gametes. These were F1 G. clokeyi x aliq4anta, clokeyi xmexicana and minorx clokeyi (Grant and Grant, 5960; Day, 1965) . It will be noted that all three have G. clokeyi as one parent. Parenthetically, Day (1965) was able to obtain a fourth artificial amphiploid in this group, from the hybrid G. aliquanta x minor, by coichicine treatment and somatic doubling, after failure of this hybrid to double spontaneously.
It is interesting to speculate about the factors which probably are or are not responsible for the observed correlation between the presence of certain genomes in a species hybrid and its tendency to produce amphiploid progeny.
Reduced chromosome pairing in a hybrid may set the stage for non-reduction in a general way. But this is a factor common to nearly all interspecific hybrids in the annual Gilias. Indeed, as we have seen, the exceptional hybrid with virtually complete pairing-G. millefoliata x valdiviensis-produced amphiploid second generation hybrids whereas numerous meiotically irregular hybrids did not.
Therefore, chromosomal rearrangements which lead to reduced pairing in hybrids can scarcely be a primary factor in the present case. Environmental conditions have been shown to be correlated with the course of meiosis and the rate of doubling in G. millefoliata x achil1erfo1ia (Grant, 1952) . This hybrid did produce amphiploids under different nutritional conditions, however, though at different rates, whereas other hybrids given a similar range of opportunities did not double at all.
In annual plants an autogamous breeding system is a favourable precondition for the production of amphiploid progeny by a sterile hybrid. Autogamy favours this result -by increasing the chances of union of the rare unreduced gametes produced by the hybrids in the hybridising population (Grant, 1956) . With rare exceptions, the polyploid species of annual Gilia are, in fact, autogamous themselves and are derived from diploid species which are also autogamous. The spontaneous artificial amphiploids in both the Leafy-stemmed and the Gobwebby Gilias all originated from autogamous F1 hybrids. However, many other autogamous interspecific hybrids in these groups did not give rise to amphiploids in the experimental garden. Autogamy, therefore, although presenting a favourable condition for the formation of amphiploids, will not account for the high rate of doubling in certain particular autogamous hybrids.
It seems likely that the genotype of one or both parental species in a hybrid may affect the critical stage of restitution, and thereby the rate of formation of unreduced gametes and of polyploid progeny. Genotypic factors control many other aspects of the meiotic process, as numerous studies have shown (see Rees, 1961; Lewis and John, 1963) , and probably control the rate of doubling too. There is some evidence to support this suggestion.
In Drosophila hydei an autosomal recessive (ipi) is known, which, in homozygous. condition, inhibits the formation and functioning of the spindle and induces restitution and high polyploidy in cells of larval brain tissue (Staiger and Gloor, 1952; Gloor and Staiger, '954) . The lpl gene acts like colchicine. It is found in a Morocco strain of D. hydei but not in a Zurich strain. A mutant in Antirrhinum majus (mut. cancroidea) has a similar effect in causing endomitosis and the formation of polyploid cells (Stein, 1942) .
In Datura stramonium a recessive mutation known as dad, on chromosome 9-10, was induced by radium treatment. This mutant gene has the effect of blocking the second meiotic division in both pollen and embryo-sac mother cells, so that reduced dyads are formed instead of normal tetrads of spores. A diploid plant of 4yad constitution when selfed gave rise to some tetraploid progeny (Satina and Blakeslee, 1935; Avery, Satina and Rietsema, 1959, pp. 120, 176 ).
Similar cases have been reported in plant species hybrids. The hybrid of Rosa arvensis >< chilensis undergoes endomitosis in some sectors, a process which is suspected to be genically induced (Wuiff, '954) . Some diploid hybrids of Rumex thyrsjflorus xacetosa had a tendency, probably gene-controlled since it was inherited in later generations, to produce dyads of unreduced spores. These hybrids gave rise to progeny with approximately the tetraploid chromosome number (Swietlit%ska, 1960) .
It is consistent with such other evidence and with the results reported in this paper to suggest that Gilia rnillefoliata, G. valdiviensis and G. clokeyi carry genes which act in hybrids to promote non-reduction at a relatively high rate. More data are needed, however, to test this suggestion and to define the postnlated genic effects in specific terms.
5. SUMMARY i. The Gilia laciniata group consists of six species of autogamous annual plants belonging to the larger assemblage of Leafy-stemmed Gilias (Po1emoniacee). Three species occur in Pacific North America (G. millefoliata (2x), G. clivorum (4x), G. nevinii (4x)), and three in temperate South America (G. valdiviensis (2x), G. lomensis (4x), G. laciniata (unknown genetically)).
2. The present study is concerned with the fertility relationships of five of these species with one another, and with a sixth species of Leafy-stemmed Gilia (G. achilleerfolia (2x)) which belongs to a different group.
3. The species of the Gilia laciniata group can be crossed inter se with the greatest of ease. High crossability is found between parental species separated by wide geographical gaps, as between California and Peru or Chile, or by differences in ploidy, as in 4X X 2X or 2X X 4X crosses.
4. The species hybrids are highly sterile. They usually exhibit reduced chromosome pairing and/or other meiotic irregularities. The F1 hybrid of G. millefoliata (2x) x valdiviensis (2x) is exceptional in the annual Gilias as a whole in having nearly complete pairing.
5. The millefoliata genome is in the California tetraploid species, G. clivorum, and the very similar valdiviensis genome is in the Peruvian tetraploid species, G. lomen.sis.
6. Four interspecific hybrids spontaneously produced amphiploid F2 progeny by the union of unreduced gametes. The raw amphiploids had good bivalent pairing and were semifertile or fully fertile. All four classes of amphiploids had the millefoliata or valdiviensis genome in them.
7. A survey of the distribution of spontaneous artificial amphiploids among numerous hybrid combinations in the annual Gilias reveals a high concentration of certain particular parental species. Some of the factors which may be responsible for the non-random distribution of parental species in artificial amphiploids are discussed. It seems likely that non-reduction in hybrids may be affected, not only by the degree of genomic differentiation between the parental species, but also by the genic contents of the genomes, i.e. some genotypes may promote non-reduction in sterile hybrids at a relatively high rate.
